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Introduction

Energy audits of educational buildings
The Directive 2010/31/EU specifies that the public sector should lead the way in the field of energy performance of buildings and the national plans should set more ambitious targets for the buildings occupied by public authorities [1] . Among the public buildings, the educational buildings account 17% of the built area and 12% of the final energy use of the non-residential sector in Europe [2] .
Energy consumption benchmarks of existing schools are provided by several studies in the EU countries and high potentials for energy savings are generally revealed. The highest values of energy consumption occur in the schools of southern Finland; according to Sekki et al. [3] , the yearly mean final energy consumption is 214 kWh•m -2 and 229 kWh•m -2 for primary schools and universities, respectively. In Slovenia, Butala and Novak [4] analysed a sample of 24 school buildings and found out an average total final energy consumption of 192 kWh•m -2 per year. Similar results, but considering space heating only, were got by Bull et al. [5] , which simulated school building archetypes in United Kingdom. In Luxemburg, a sample of 68 schools showed thermal and electricity yearly consumptions of 93 and 32 kWh•m -2 , respectively [6] . The energy consumption data of schools in southern Europe are comparatively lower. For example, studies conducted in Cyprus show average yearly energy consumption of 63 kWh•m -2 including electricity and fuel [7] .
The educational buildings in Italy are 51 000 units, with a built surface of 73.2 million m 2 and a volume of 256 million m 3 . According to reports from CRESME [8] and ENEA [9] , most of the schools were built in the period 1960-80, and 48% of the schools are located in the climatic zones E and F (HDD > 2100). The average yearly energy consumption amounts to 130 kWh•m -2 (thermal energy) and 20 kWh•m -2 (electricity) [10] . The knowledge of the building energy performance through effective energy assessment methodologies is necessary to set-up suitable retrofit measures able to increase the building energy efficiency. Energy and environmental audits allow to identify the building weaknesses and to provide potential improvements. Thus, the implementation of effective energy audits on educational buildings is crucial to identify suitable solutions aimed at reducing their high energy consumption.
Studies on the development of energy audits for educational buildings were conducted throughout Italy. In the north of Italy, a field survey was carried out to collect and process data on the actual energy consumption of 120 high schools in the district of Torino. The average yearly energy consumption for space heating of the sample revealed to be about 115 kWh•m -2 [11] . Other studies were conducted in the centre of Italy; Desideri and Proietti [12] presented two applications of energy audit for schools of the province of Perugia, and determined potential thermal and electrical energy savings. Studies in the south of Italy were carried out by Rospi et al. [13] for different typologies of schools in Matera. They carried out measurements and monitoring activities for energy audit and assessed the energy performance before and after the application of retrofit measures to the building envelope and to the technical building systems.
Several methodologies for the energy audit of educational buildings have been developed and applied. For instance, following the procedure of the EN 16247-2 Standard, Magrini et al. [14] applied the quasi-steady-state calculation method of the EN ISO 13790 Standard to carry out the energy audit of the University of Pavia. A simplified approach to the energy diagnosis has been followed for the School of Engineering and Architecture of Bologna; the standardized method of the energy signature reported in EN 15603 was applied by Marinosci et al. [15] . Other studies compared the actual energy consumption of school buildings with the energy performance estimated through dynamic and quasi-steady-state calculation methods [13] . Finally, some researchers developed tools that support local administrators to assess the energy performance of educational buildings through simple data input and to identify the most convenient energy efficiency measures easily [16] . 
Nomenclature
Nearly zero-energy schools: requirements and issues
The Italian Ministerial Decree (MD) 26/06/2015 [17] , which implements the Law No. 90/2013 transposing the Directive 2010/31/EU, specifies minimum energy performance requirements for new buildings and buildings subject to renovation. The decree provides requirements differentiated in function of the extent of the building retrofit. For instance, the retrofit action that affects more than 50% of the building envelope area and includes the thermal system upgrading should meet stricter requirements. These requirements concern the energy performance of the building and the global efficiency of the technical building systems, and are determined through the notional reference building approach [18] .
The thermo-physical parameters of the notional reference building are provided by the MD. The requirements for a public building subject to major renovation are listed in Table 1 . A building is considered a nZEB when it complies with requirements obtained by adopting for the notional reference building the values enforced from 1 st January 2019.
Due to the very low energy performance of the average Italian educational buildings, the transformation into nZEBs requires strong efforts. A study by Zeiler and Boxem [19] highlighted advantages and disadvantages of high efficiency schools compared with traditional educational buildings. Among the advantages there are increased energy efficiency and thermal comfort, and reduced total cost for the owner; for against, the very high investment cost is a drawback. According to de Santoli et al. [20] , the energy performance of school buildings, as well as of public buildings in general, should be assessed taking into account not only energy implications but also economic and environmental aspects; first of all, it is necessary to quantify how many resources the government and local administrations need to undertake energy refurbishment of schools. As large funds are required and the Italian public sector is still limiting direct investments, a third party financing is usually necessary to promote energy retrofits provided that the investments are cost-effective [21] . 
Variable, to be determined by means of the notional reference building
Fixed RERW > 0.55
Variable, in function of the building footprint area
(1) According to Legislative Decree No. 28/2011, Annex 3.
(2) The requirements do not apply in case of district heating for space heating and domestic hot water.
Objective of the work
The article presents a new energy audit methodology that complies with the guidelines provided by the EN 16247-2 Standard. The purpose is to propose a detailed energy diagnosis procedure as to identify cost-effective and feasible technical solutions that meet the nZEB requirements and are based on cost-optimal analysis as well. The process consists of the following main activities: 1) set-up of a numerical model of the building and calibration of the model; 2) choice of a set of energy efficiency measures feasible for a major renovation; 3) identification of the cost-optimal package of energy efficiency measures; and 4) improvement of the cost-optimal solution to comply with the nZEB requirements, if needed.
The methodology was applied to a technical high school in Torino built in the '40s. The final aim is to provide public administrators with an effective and manageable instrument useful to find out weaknesses in the building energy behaviour and to identify cost-effective retrofit actions for transforming low energy efficiency schools into nZEBs.
Method
New detailed energy diagnosis procedure
The EN 16247-2 Standard [22] provides requirements, methodology and deliverables for the energy audits of buildings. The overall process flow of an energy audit includes the following activities: preliminary contact, start-up meeting, collection of data, field work, analysis, report and final meeting. The present work aims at deepening the phase of analysis by providing a detailed procedure for the building energy modelling, the energy performance assessment and the identification of cost-effective and technically feasible energy efficiency measures fit to reach the nZEB target. The flowchart of the proposed methodology is shown in Fig. 1 . The analysis is divided into two phases: pre retrofit and post retrofit. According to the object of evaluation, each phase includes different energy ratings, as shown in Fig. 1 (white boxes). The differences between the energy ratings concern the types of user and climate, which can be either actual or standard.
The whole analysis activity includes four steps, which are shown in the yellow boxes of Fig. 1 . The building model development and calibration refer to the pre retrofit phase and to the actual boundary conditions. An operational energy rating (OER) and a tailored energy rating (TER) are carried out to assess the building energy performance (EP) in the current state. The OER includes the collection and processing of real energy consumption data. The TER consists in the creation of a building model and in the calculation of the EP considering real occupancy and climate. A good matching between the results of these two energy ratings should be assured, through the model calibration. Once the model is calibrated, further energy rating is carried out considering the actual user data but a standard climate (CTER-SC); in this way, the energy saving potential is not affected by specific weather data. Finally in the pre retrofit phase, a standard energy rating (SER), with standard user and climatic data, can be performed if the issue of the energy performance certificate is needed. In addition, the standard energy rating of the notional reference building is carried out to complete the EP classification scheme.
The choice of the energy efficiency measures, the cost-optimal analysis, and the improvement of the package of energy efficiency measures are included in the post retrofit phase analysis and are carried out on the CTER-SC model. The choice of the energy efficiency measures (EEMs) to be applied to the existing building should consider technical feasibility and other criteria established by the energy auditor. The cost-optimal analysis allows to find out the cost-effective package of EEMs that determines the lowest global cost in the building lifecycle. Carrying out a SER with the cost-optimal EEMs package, the compliance with the nZEB requirements is verified. In case the optimal solution does not comply, an improvement of the EEMs package can be done by selecting specific EEMs and then assessing the building EP again and verifying the compliance with the requirements. Economic evaluations to determine global cost and payback period of the selected packages are carried out by the same tool used for costoptimisation.
The standard energy ratings are performed both to verify the requirements and to determine the energy performance class of the building transformed into nZEB.
Calculation methods
The following energy and cost evaluation methods have been applied in the energy audit procedure described in Section 2.1:
 quasi-steady-state EP calculation, as specified in the UNI/TS 11300 Standards series [23] , which mainly refers to the calculation procedure of EN ISO 13790 [24] and EN 15316 series [25] . The renewable and non-renewable primary energy factors were derived from MD 26/06/2015;  calculation of economic parameters, such as global cost and payback period, according to the EN 15459 Standard [26] , considering a building lifespan of 30 years and a real interest rate of 3%;  cost-optimal analysis based on a sequential search-optimisation technique that considers a discrete number of options, as described in Corrado et al. [27] .
Case study
Description of the building
The case study (see Fig. 2 ) is a technical high school in Torino built in the '40s; the school gym, separate from the main building, was erected in a more recent period. The building is representative of more than 80% of the educational buildings located in the climatic zone E (2101 ≤ HDD ≤ 3000) as concerns the construction features and the characteristics of the thermal systems. The main geometrical data and the U-values of the building envelope components are listed in Table 2 . The opaque envelope of the main building has solid brick cavity walls, while the external walls of the gym are made of hollow bricks. The main building has unconditioned underground and attic spaces. The floors facing the unconditioned spaces have uninsulated reinforced brick-concrete slabs. Two types of windows are in the school: single glazing with wood frame (w,1) and double glazing with metal frame (w,2). Most of the windows have external wood shutters and internal solar shading devices.
Two gas standard heat generators with a total power of 1860 kW are installed in the building. The heat distribution subsystem is composed by six different circuits that operate independently each with its own heat control system. The heat emitters are radiators, located on the walls facing outdoor; just a limited number of rooms present convectors. The gym and the conference room are equipped with a mechanical ventilation system with an air handling unit and a heat recovery unit. The building is not provided with space cooling and DHW systems. The most used lighting devices are fluorescent lamps.
All data concerning the building construction and systems were derived from technical documents of the building and in field surveys.
Data on occupancy, climate and actual energy consumption
Hourly profiles of occupants' presence for each weekday and room category were set up by means of surveys and documents providing information about the number of students and school staff. Five different rooms categories were considered in function of the activity: classrooms, laboratories, offices, gym and unoccupied rooms. For each category, the hourly occupancy profiles of a typical week were used to model the internal heat gains and the operation of the lighting system. The opening schedule of windows and the operation of shutters and shading devices were detected through questionnaires.
An intermittent schedule was assumed for the space heating system, according to the users presence. The setpoint temperature is 20 °C in all conditioned spaces.
The climatic data were derived from the weather database of the Regional Agency for Environmental Protection -ARPA Piemonte. Three heating seasons were considered, 2012/13, 2013/14 and 2014/15, consistently with the available data on the real energy consumption.
Modelling options
The building was divided into 20 thermal zones, in such a way as to separately model the different room categories, the heat distribution circuits, the types of heat emitters and the ventilation modes (natural or mechanical). According to UNI/TS 11300-1:
 the linear thermal transmittance values of thermal bridges were derived from a catalogue based on numerical calculation carried out in accordance with EN ISO 10211 [28] ;  the internal heat capacity was determined as in EN ISO 13786 [29] ;  the heat transfer through unheated spaces was calculated by means of the adjustment factor b tr,U , according to EN ISO 13789 [30] ;  the mean monthly ventilation flow rate was assessed taking into account the actual users presence and the opening schedule of windows;  the sensible heat flow from occupants, electric equipment and lighting devices was derived from scientific literature and modelled according to the hourly profiles of users' presence (see Section 3.2).
Energy efficiency measures for refurbishment and related costs
The chosen energy efficiency measures (EEMs) are listed in Table 3 . They concern both the building envelope (EEM1-EEM6) and the technical building systems (EEM7-EEM12). For each EEM, up to four efficiency levels (EELs) quantified through suitable parameters are considered. They include different U-values of the envelope components, which correspond to typical thermal insulation levels of common retrofit actions up to advanced renovations. In case of heat generator replacement (EEM7), the levels refer to different technologies, such as gas condensing boiler (EEL1), biomass boiler (EEL2), district heating (EEL3) and air-to-water heat pump (EEL4). The DHW production is partially covered by thermal solar system in EEM8 from EEL1 to EEL3, while DHW plus space heating are considered in EEL4. EEM11 refers to the installation of thermostatic valves. Finally, EEM12 concerns the lighting system upgrading (fluorescent or LED lamps plus automatic control). The related investment costs are reported in Table 3 ; they come from a market survey and include design, purchase, installation and commissioning, excluding VAT. The energy costs and their trend scenarios, the maintenance costs and the technical lifespan of the components were derived from previous studies [27, 31] . (1) Cost variable in function of the nominal power: the reported values refer to 800 kW.
(2) EN 15193. Energy performance of buildings -Energy requirements for lighting [32] .
Results
Calibrated energy model
The operational energy rating (OER) was performed considering the real consumption data of natural gas for space heating over 3 heating seasons (2012/13, 2013/14, 2014/15) collected from energy bills. The calibration of the model did not include the annual electricity consumption as no real data were provided. The calibration was carried out through the energy signature, which consists of a correlation between heating energy use and average outdoor temperature, according to EN 15603 [33] . The energy signatures obtained by the tailored energy rating (TER) and by the OER were compared. In Figs. 3a and 3b , the results before and after the calibration process are reported. Some refinements of the model were needed, as follows:
 the HDD and the outdoor mean air temperature were corrected in such a way as to not consider the unoccupied periods (e.g. holidays, weekends);  the set-point temperature was reduced to 19.5 °C to consider the non-ideal heat control system that causes variations of ±0.5 °C around the prefixed set-point of 20 °C;  more accurate evaluation of the sensible thermal emission of the occupants, according to ISO 18523-1 [34] ;  an adjustment of the operational schedule of the distribution subsystem.
At the end of the calibration process, an average deviation of 2% between the OER and the TER is revealed. As described in Section 2.1., a tailored energy rating with standard climate was performed on the calibrated model (CTER-SC). This represent the baseline to carry out the subsequent post retrofit phase analysis. Fig. 4 shows the renewable (in green) and the non-renewable (in red) energy performance of the building, for the different energy services, resulting from the CTER-SC. The total global energy performance of the building, defined as the ratio of the yearly primary energy use to the conditioned floor area, is about 160 kWh•m -2 , and the related global cost over 30 years is 349 €•m Table 4 shows the package of EEMs resulting from the cost-optimal analysis, i.e. the set of EEMs that determines the lowest global cost in the building lifecycle, and the choice of up to three technical solutions aimed at achieving the nZEB target. Indeed, the cost-optimal solution does not imply a major renovation and does not meet some requirements (see the values in bold in Table 5 ).
Cost-optimal and nZEB solutions
The nZEB solution No. 1 differs from the cost-optimal one for an increased thermal insulation of both opaque and transparent components. Moreover, it is proposed the substitution of the luminaire with high efficient LED lamps, an increased peak power of the PV system, the replacement of the heat generator with a heat pump and the installation of external movable shadings. The solar collectors, the heating control system and the heat recovery ventilation system are maintained with respect to the cost-optimal solution. The nZEB solution No. 2 differs from the previous one for the replacement of the heat generation with a heat exchanger suitable for the connection with the district heating. The solar collectors are still considered for the DHW production. Anyway this solution could not be considered nearly zero-energy as it does not satisfy the 55% of RER required by law; nevertheless, according to the Legislative Decree No. 28/2011, in case of district heating use, the RER requirements are already satisfied. The nZEB solution No. 3 takes into account the use of a biomass heat generator coupled with a storage tank of 5800 liters, while the other EEMs are the same of the previous retrofit solutions. Fig. 5a shows the global EP index of the existing building (CTER-SC model) compared to the cost-optimal and the nZEB retrofits. The most efficient solution is the nZEB3, which greatly increases the EP of the building and the share of renewable primary energy. Fig. 5b illustrates the overall cost related to the proposed solutions. The less convenient solution is the nZEB3, which on the contrary is the most energy performant. This is due to the high cost of the biomass system, that includes the installation of the generator and the replacement costs during the whole life cycle (e.g. filters). Instead, the solution nZEB1 deeply reduces the energy cost, even if it involves an increased cost of investment. Of the three nZEB solutions proposed, the No. 2 has the lowest global cost, but provides for the use of district heating, currently not present in situ.
While the nZEB1 and nZEB2 solutions are cost-effective, the nZEB3 is not cost effective over 30 years building lifespan. In terms of energy classification, all the nZEB solutions allow to move from class D to class A (classes A3, A2 and A4, respectively). (1) The values in bold refer to the requirements not met. 
Conclusions
The activity involved the energy audit of a building in Torino, which is representative of the school building stock in the Italian climatic zone E. The purpose of the article is to propose a detailed energy audit framework that allows to meet the current energy requirements as well as to assess the economic feasibility. The proposed approach starts from a tailored energy rating and from the calibration of the model through the comparison with the outcomes of an operational rating. The further calculations are referred to the actual user and to a standard climate. The energy efficiency measures, which can be adopted in a major renovation, are chosen by applying the cost-optimal procedure and then by upgrading the chosen packages of measures as to meet the nearly zero-energy target.
The analysis shows the feasibility of the transformation of the school in nearly zero-energy building, through the adoption of advanced technology systems that exploit renewable energy sources, such as heat pump or biomass generator. It is also essential to carry out a financial analysis, in order to choose between the available energy measures, ones that ensure acceptable payback period. Among the cases analysed, the adoption of the heat pump associated with PV panels, mechanical ventilation with heat recovery and high efficiency lighting system, can satisfy both the energy requirements by law and the economic feasibility. In case of presence of a district heating network, this solution is a possible alternative to the heat pump. The adoption of a biomass heat generator is a valid solution in terms of energy efficiency, but the costs are still too high.
A possible solution to the challenges of the high costs for the building renovation towards nZEBs, especially for public buildings, is reported in the national action plan for the nZEBs: structural funds will be provided during the period 2014-2020 for measures that will increase the energy efficiency and that will reduce the consumption in buildings and public facilities or public use. Specifically, in order to increase the incidence of the nZEBs, buildings or groups of buildings belonging to the central government and occupied by it will be identified by means of energy auditing, giving priority to the refurbishment of the buildings with the lowest energy performance, if the renovation is efficient in terms of costs and technically feasible. To this end, the presented methodology can be a valid instrument and easily replicable on a large scale. 
